Quantum dot nanocomposites are potentially high-efficiency thermoelectric materials, which could outperform superlattices and random nanocomposites in terms of manufacturing cost-effectiveness and material properties because of the reduction of thermal conductivity due to the phononinterface scattering, the enhancement of Seebeck coefficient due to the formation of minibands, and the enhancement of electrical conductivity due to the phonon-bottleneck effect in electronphonon scattering for quantum-confined electrons. In this paper, we investigate the thermoelectric transport properties of quantum dot nanocomposites through a two-channel transport model that includes the transport of quantum-confined electrons through the hopping mechanism and the semiclassical transport of bulk-like electrons. For the quantum-confined electrons whose wave functions are confined in the quantum dots with overlapping tail extending to the matrix, we develop a tightbinding model together with the Kubo formula and the Green's function method to describe the transport processes of these electrons. The formation of minibands due to the quantum confinement and the phonon-bottleneck effect on carrier-phonon scattering are considered. For transport of bulk-like electrons, a Boltzmann-transport-equation-based semiclassical model is used to describe the multiband transport processes of carriers. The intrinsic carrier scatterings as well as the carrier-interface scattering of these bulk-like electrons are considered. We then apply the two-channel transport model to predict thermoelectric transport properties of n-type PbSe/PbTe quantum dot nanocomposites with PbSe quantum dots uniformly embedded in the PbTe matrix. The dependence of thermoelectric transport coefficients on the size of quantum dots, interdot distance, doping concentration, and temperature are studied in detail. Due to the formation of minibands and the phonon-bottleneck effect on carrier-phonon scattering, we show that simultaneous enhancement of electrical conductivity and Seebeck coefficient can be realized in quantum dot nanocomposites. Our study could shed some light on the design of high-efficiency thermoelectric materials for energy conversion and thermal management.
Quantum and classical thermoelectric transport in quantum dot nanocomposites
Quantum dot nanocomposites are potentially high-efficiency thermoelectric materials, which could outperform superlattices and random nanocomposites in terms of manufacturing cost-effectiveness and material properties because of the reduction of thermal conductivity due to the phononinterface scattering, the enhancement of Seebeck coefficient due to the formation of minibands, and the enhancement of electrical conductivity due to the phonon-bottleneck effect in electronphonon scattering for quantum-confined electrons. In this paper, we investigate the thermoelectric transport properties of quantum dot nanocomposites through a two-channel transport model that includes the transport of quantum-confined electrons through the hopping mechanism and the semiclassical transport of bulk-like electrons. For the quantum-confined electrons whose wave functions are confined in the quantum dots with overlapping tail extending to the matrix, we develop a tightbinding model together with the Kubo formula and the Green's function method to describe the transport processes of these electrons. The formation of minibands due to the quantum confinement and the phonon-bottleneck effect on carrier-phonon scattering are considered. For transport of bulk-like electrons, a Boltzmann-transport-equation-based semiclassical model is used to describe the multiband transport processes of carriers. The intrinsic carrier scatterings as well as the carrier-interface scattering of these bulk-like electrons are considered. We then apply the two-channel transport model to predict thermoelectric transport properties of n-type PbSe/PbTe quantum dot nanocomposites with PbSe quantum dots uniformly embedded in the PbTe matrix. The dependence of thermoelectric transport coefficients on the size of quantum dots, interdot distance, doping concentration, and temperature are studied in detail. Due to the formation of minibands and the phonon-bottleneck effect on carrier-phonon scattering, we show that simultaneous enhancement of electrical conductivity and Seebeck coefficient can be realized in quantum dot nanocomposites. Our study could shed some light on the design of high-efficiency thermoelectric materials for energy conversion and thermal management. Thermoelectric (TE) devices are becoming increasingly important for solar-thermal conversion, waste heat recovery, and electronics cooling [1] [2] [3] The conversion efficiency between thermal energy and electricity is characterized by the dimensionless TE figure of merit (ZT) of the material, ZT ¼ rS
where S is the Seebeck coefficient, r is electrical conductivity, T is the absolute temperature, j c is the thermal conductivity due to the contribution of charge carrier, and j p is the lattice (phonon) thermal conductivity. Apparently, both high power factor (rS 2 ) and low thermal conductivity j c þ j p are required for high ZT. Studies over the past nearly two decades show that the nanostructured materials give a promising way to improve ZT over bulk materials. 1 The reduction of thermal conductivity due to the phonon-interface scattering in such nanostructured material can significantly enhance ZT. 1, [4] [5] [6] [7] [8] The Seebeck coefficient can be enhanced through manipulating the electron density of states (DOS) in low-dimensional quantum structures such as superlattices, 9 nanowires, [10] [11] [12] [13] [14] and quantum wells since the birth of nanothermoelectricity, 15, 16 and very recently in impurity-doped TE materials with resonant energy levels. 17 Filtering of lowenergy carriers by interfaces 18, 19 in nanostructured materials such as nanocomposites (NC) with randomly distributed nanoconstituents [20] [21] [22] [23] presents another approach to increase the Seebeck coefficient.
Quantum dot (QD) NC with QDs periodically embedded in a matrix is a potentially high ZT material system to realize the control of DOS, filtering of low-energy carriers, and the reduction of the lattice thermal conductivity simultaneously. Though the full potential of QD NC has not been realized, some preliminary experimental works show great promise of QD NC. For example, Wang et al. 24 found a large enhancement of Seebeck coefficient in PbSe QD films, although the electrical conductivity is very low due to the loose packing of QD nanoparticles. Very large ZT has been observed by Harman et al. 25 in PbSeTe/PbTe QD superlattice film TE materials. Vineis et al. 26 compared the experimental data of TE transport properties of PbTe/PbSe QD superlattices with a)
Author to whom correspondence should be addressed. Electronic mail: ronggui.yang@colorado.edu. both the theoretical and experimental data for bulk PbTe. Lower electrical conductivity was observed while maintaining the same Seebeck coefficient. In terms of theoretical exploration, Balandin et al., 27 Yadav et al., 28 and Khitun et al. 29 modeled the formation of minibands by solving the Schödinger equation under the envelope function effectivemass approximation in cubic or cuboid QD NC systems. The transport properties based on the Boltzmann transport equation (BTE) show that the minibands could lead to a large Seebeck coefficient and hence the increase of ZT. In their works, constant relaxation time 27, 28 and bulk relaxation time 29 are used for electrical carriers, which do not consider the quantum confinement effect on electron-phonon scattering in QD. 30 Due to the restriction of energy and momentum conservation in electron-phonon scattering, the relaxation time could be significantly enhanced for quantum-confined electrons, which is often termed as the phonon-bottleneck effect. The phonon-bottleneck effect is very well studied in low-dimensional systems. For example, it has recently been observed experimentally in colloidal CdSe QDs system by Pandey and Guyot-Sionnest. 31 Recently, Fomin and Kratzer 32 studied the TE transport in periodic one-dimensional stacks of InAs QDs in GaAs matrix using the effective-mass model and the BTE. Both the formation of minibands and the quantum confinement effect on the acoustic-phonon scattering due to the deformation potential are studied. However, the electron-optical phonon scattering could be the dominant scattering mechanism when T > 100 K 33, 34 and is not considered in their work. The study of TE transport in three dimensional QD NC that includes both the formation of minibands and the phonon-bottleneck effect for both electron-acoustic phonon scattering and electron-optical phonon scattering is still lacking. Moreover, the above mentioned models consider only quantum effects. The enhancement of Seebeck coefficient from the interface filtering effect [18] [19] [20] [21] [22] [23] is not included in the above works. In this paper, we present a two-channel transport model to study the TE transport in QD NC with cubic-latticed QDs embedded in a matrix. In QD NC, some of the electrons form minibands due to the quantum confinement of QDs while the rest are bulk-like electron modes. Both quantumconfined electrons and bulk-like electrons transport through the strongly interacting composite that comprises of both QDs and the matrix. The transport mechanism is similar to that in semiconductors with impurity band. 35 We describe those electrons with strong confinement using the quantum mechanics model. These electron wave functions are confined in the QDs with a tail extending into the matrix. The overlap of the wave functions in the matrix controls the hopping between neighboring QDs. A tight-binding model together with the Kubo formula and the Green's function method is developed to study the minibands formation, the quantum confinement effect of electrons on electronacoustic phonon and electron-optical phonon scatterings, and the TE transport properties of quantum-confined electrons. The bulk-like electrons transport through both the QDs and the matrix while experiencing additional scattering (reflection and transmission) at the interfaces of the QDs and the matrix materials. A BTE-based semiclassical transport model is used to describe the multiband transport of bulklike electrons with both intrinsic carrier scatterings and the carrier-interface scattering. 20 Comparing to other works, [27] [28] [29] [30] [31] [32] our contributions are as follows: (1) we consider for the first time both quantum and classical transport channels in QD NC in which the effects of QDs are introduced as a perturbation of the matrix material. [27] [28] [29] [30] [31] [32] (2) Our model takes the quantum confinement effect of electrons on both electron-acoustic phonon and electron-optical phonon scatterings into account. This paper is organized as follows. In Sec. II, we present the two-channel transport model, which consists of a tightbinding model for the transport of quantum-confined electrons and a BTE-based semiclassical model for the transport of bulk-like electrons. Section III presents the miniband formation of quantum confinement of electrons, its effect on carrier relaxation time, and the TE transport properties of ntype PbSe/PbTe. Finally, Sec. IV concludes this paper.
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II. TWO-CHANNEL TRANSPORT MODEL
Figure 1(a) shows a cubic-latticed QD NC with spherical QDs uniformly distributed in a matrix. The diameter of QDs is uniform with size a and the distance between the nearestneighboring QDs is D. Figure 1(b) shows the band diagram of this QD NC. In Fig. 1(b) , the electron wave function is confined inside the QDs by a large confinement potential whose height is V 0 , with the tail of the electron wave function extending into the matrix, since the confinement potential is finite. The difference between the conduction band edges of QD material and matrix material is V 1 . When V 0 is small and V 1 is large, the quantum confinement might not be formed.
To describe TE transport in QD NC, a two-channel transport model is proposed in order to includes minibands formation, phonon-bottleneck effect on electron relaxation, and filtering effect, which together improve both electrical conductivity and Seebeck coefficient: (1) Transport of quantum-confined electrons. As shown in Fig. 1 (b), due to the overlap of confined electron wave functions that extend into the matrix, quantum-confined electrons hop between the nearest-neighboring QDs. A tight-binding model together with the Kubo formula and the Green's function method is used to describe this quantum transport mechanism of quantum-confined electrons. (2) Semiclassical transport of bulk-like electrons. Bulk-like electrons experience interface scattering in addition to intrinsic scattering, such as carrierimpurity and carrier-phonon scattering. High energy carriers can transport through the confinement potential of QD and low energy carriers are scattered back as shown in Fig. 1(c) . Such filtering effect could lead to an increase of Seebeck coefficient but a decrease of electrical conductivity. A BTEbased semiclassical transport model has recently been established to describe this transport process by the authors. 20 We argue that it is important to consider the TE transport of both quantum-confined electrons and bulk-like electrons in QD NC. Quantum-confined electrons dominate the transport when the hopping strength between QDs is large, i.e., small interdot distance, while bulk-like electrons dominate the transport when electron minibands are not formed. The two-channel transport model enables us to understand the cross-over between the TE transport of quantumconfined electron and that of bulk-like electrons and thus explore different regimes of enhancement mechanisms in QD NC. Our treatment of the transport of quantumconfined electrons is similar to the works on strongly correlated QD systems, [36] [37] [38] and our treatment of BTE-based semiclassical transport of bulk-like electrons has been verified in Ref. 20 .
The following assumptions are made for our model: (1) The effective transport properties in QD NC (r, S, and j c ) are just a combination of transport properties of quantumconfined electrons (r QD , S QD , and j c;QD ) and those of bulklike electrons (r M , S M , and j c;M ):
(2) For n-type materials studied in this paper, we consider quantum confinement of electrons in the conduction bands only. (3) The overlap of electron wave functions between the nearest-neighboring QDs is small enough to satisfy the orthogonality of tight-binding model. 40 (4) Crystalline axes of the matrix and the QDs are considered to be parallel. (5) The orbital hybridization between different minibands is ignored. (6) The Coulomb interaction between the electrons inside QDs is ignored.
A. Tight-binding model for TE transport of quantumconfined electrons
The periodic confinement potential as shown in Fig.  1 (b) is given by 41 
VðrÞ
where r ¼ ðx; y; zÞ represents the position of an electron in a coordinates the axes of which are along crystal axes, R a is the position of dot a and the potential of each QD is assumed to be 41, 42 vðrÞ
0 for a=2 < r < D=2:
Here m Ã ?;QD (m Ã jj;QD ) represents the effective mass perpendicular (parallel) to (111) direction, x ? (x jj ) is the corresponding oscillator frequency of harmonic confinement potential, and b is the geometric factor of potential. As shown in Fig. 1(a) , the size of QD is noted as a and the interdot distance is D. The potential can be approximated by parabolic one when r ( a=2:
By assuming m V 0 , V 1 , and b. It is clear that the squares of frequencies are proportional to the geometric factor b when V 0 and V 1 are fixed, which means the confined energy levels in QDs could be shifted to higher energy when b increase. The electron wave function of the ith level confined by potential v 0 ðrÞ can be obtained by solving the Schrö-
with inverse effective mass tensor 1=m
" # v n;l ðx; yÞ ¼ e n;l v n;l ðx; yÞ;
where
þ e n;l þ e m is the energy of the ith level with quantum numbers n, l, and m, e n;l ¼ ð2n þ jlj þ 1Þ hx ? , e m ¼ ðmþ 1=2Þ hx jj , h is Plank constant, and / i ðrÞ is the linear combination of v n;l ðx; yÞ and 1 m ðzÞ as given in Appendix A. The second-quantized Hamiltonian of the quantum-confined system can then be written as
where c The dispersion relation in Eq. (7) can be obtained by Fourier transformation:
where d x ¼ ð6D; 0; 0Þ; d y ¼ ð0; 6D; 0Þ, and d z ¼ ð0; 0; 6DÞ. The DOS of the minibands can then be written as:
After obtaining the dispersion relation and DOS, the transport coefficients can be calculated for a given chemical potential m as 37, 45 
Here e denotes the charge of carrier, E is the energy of electrical carriers, ' ¼ 0; 1; 2 is the index of transport coefficients, and f ðEÞ is the equilibrium Fermi-Dirac distribution, the factor N on the right hand side of the equation denotes the N-fold degeneracy of the conduction bands, and N is the transport distribution function (TDF). Then the electrical conductivity, the Seebeck coefficient, and the electronic thermal conductivity of quantum-confined electrons can be obtained as
The transport distribution function NðEÞ in Eq. (10) is
where G 
where ½@E i ðkÞ= h@k x ¼ 2DJ i ðd x Þ sinðk x DÞ= h is the velocity of electron in miniband i along x-direction. The quantum-confined electrons experience various scatterings. The relaxation times are considered to be independent with each other so that the Mathiessen's rule can be used as
where s other;QD is the relaxation time of all the other scatterings besides the electron-phonon scattering, s i;k;QD is the relaxation time of electron-phonon scattering of phonon branch k.s i;k;QD can be calculated by 47 1
where q is the phonon wave vector, M k;q is the scattering matrix element, I i;q ¼ ð1=VÞ Ð dre iqÁr j/ i ðrÞj 2 is the form factor of scattering matrix with unit volume V, n q is the equilibrium Bose distribution of phonons, x k;q is the phonon frequency, and h kþq;k is the angle between electron momentums k þ q and k. Factor (1Àcos h kþq;k ) denotes the angular dependence of electron-phonon scattering processes. The first term in the square bracket on the right side of the equation represents phonon emission while the second term represents phonon absorption. 
Here E DE is the deformation potential coupling constant, e q is the phonon polarization vector, h PZ is the piezoelectric constant, q is the mass density, e s is the static permittivity, e 1 is the high-frequency permittivity, and x LO represents the phonon frequency of longitudinal optical phonon. We note that we did not consider the effect of confined phonons on the electron-phonon scattering. Assuming that the sound velocities of the QD material and the matrix material are similar with each other, the effect of phonon confinement on electron-phonon scattering can be negligible in this system. Moreover, we consider only the normal electron-phonon scattering since the contribution of the Umklapp electronphonon scattering is much smaller than that of the normal scattering.
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B. Semiclassical model for TE transport of bulk-like electrons
We used our recently developed model to calculate the TE transport coefficients of bulk-like electrons in QD NC, which is under the framework of the BTE with the relaxation time approximation. 20 We consider the transport of electrons in the lowest conduction bands in the multiband carrier transport model. Each one of these bands is N-fold degenerate where the dispersion relation of each carrier pocket with nonparabolicity is considered in Kane model
Here m is the density-of-states effective mass of each energy band, E=E g is the nonparabolicity factor, and E g is the energy gap. The TE transport coefficients can then be calculated by 39, 50 
Here k B is the Boltzmann constant, g ¼ E=k B T, g F ¼ l=k B T, g g ¼ E g =k B T, and cðgÞ ¼ gð1 þ g=g g Þ, respectively. The integrals in Eqs. (18a)-(18c) can be written as
where ' ¼ 0; 1; 2 is index of transport coefficient. All the electron scattering mechanisms of bulk-like electrons are considered to be independent with each other and the Mathiessen's rule can be used as:
where s M is the total relaxation time for bulk-like electrons, s As derived in detail in Ref. 20 , the relaxation time for carrier-interface scattering, which is the average flight time between two scattering events, can be written as
where v M is the electron velocity of the carrier in the matrix material and v QD is the electron velocity in bulk material of QD. L M and L QD are the average distances between two successive scattering events in matrix and QD that can be written as L M ¼ ð6D 3 À pa 3 Þ=6pa 2 and L QD ¼ a=6, and P is the quantum transmission probability of carriers that can be calculated using the Schrödinger equation. 20 
C. Thermal conductivity
The total thermal conductivity of QD NC consists of electronic thermal conductivity (j c ) and lattice thermal conductivity (j p ). The electronic thermal conductivity of quantum-confined electrons (j c;QD ) and bulk-like electrons (j c;M ) have been discussed in Secs. II A and II B. It is well known as of today that thermal conductivity of nanostructured materials could be significantly reduced due to the scattering of phonons at interfaces between different materials when the size of QDs or the interdot distance is smaller than the phonon mean free path (MFP), which is estimated as tens to hundreds of nanometers for most semiconductor materials. In this paper, the lattice thermal conductivity of QD NC with different sizes and volumetric fractions of QDs is calculated by modified effective medium approximation.
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III. RESULTS AND DISCUSSIONS
In this section, we study the electron miniband formation and the phonon-bottleneck effect on the electron-phonon scattering of quantum-confined electrons and show the calculation results of TE transport properties in PbSe/PbTe QD NC with PbSe QDs uniformly embedded in PbTe matrix. PbTe is one of the most important TE materials for medium temperature range applications including waste heat recovery and solar-thermal utilization. [52] [53] [54] [55] PbTe-based nanostructured materials are widely studied both theoretically and experimentally. 21, 22, 25, [56] [57] [58] [59] [60] In our calculation, the degeneracy of both QDs and matrix are chosen to be N ¼ 4. 61 The height of confinement potential V 0 which depends on the intrinsic bandgap difference and the surface charge trapping of the QDs is chosen to be 0.3 eV and b is chosen to be 1.2 unless specified. All the parameters of PbTe are shown in Table I and the parameters of PbSe are shown in Table II .
A. Electron minibands and electron-phonon relaxation time of quantum-confined electrons
In our calculation, the lowest four minibands corresponding to the electron wave functions in Appendix A are considered. The dispersion relations along k x (CÀX) direction for different QD size a and interdot distance D is shown in Fig. 2(a) while the DOS, calculated by Eq. (9) in comparison with bulk DOS, is shown in Fig. 2(b) . The interdot spacing D-a is fixed to 3 nm for all the calculations shown in Figs. 2(a) and 2(b) . The center and the width of the band are tunable by changing QD size a. When a is small (a ¼ 7 and 9 nm), only the lowest miniband appears, since the energy of minibands are roughly inversely proportional to the size of QD. The energy of higher energy levels could exceed the confinement potential. The center of the miniband shifts from 0.1 to 0.08 eV and the bandwidth decreases from 0.12 to 0.06 eV when a increases from 7 to 9 nm. For larger a (a ¼ 11 nm), higher minibands appear. Figure 2(c) shows the DOS for different D when a is fixed at 7 nm. The DOS becomes sharper when D increases from 10 nm to 13 nm, while the center of the miniband maintains at 0.1 eV since the bandwidth is proportional to the overlap integral, which decays with the interdot spacing D-a.
The Seebeck coefficient of a material is a measure of the asymmetry of the electronic band structure in reference to its chemical potential. 62 Tunability of the center and width of the minibands shown in Fig. 2 render possibilities to manipulate the Seebeck coefficient and thus the ZT of QD NC.
Figures 3(a)-3(d) show the total relaxation time of electron-phonon scattering and the electron relaxation time for the lowest miniband due to the scattering by different phonon branches. For comparison, the relaxation time of the corresponding bulk materials s bulk k;QD is also plotted (see Appendix B for the parameters used). It should be noted that there is no physical meaning for s i;k;QD out of the edge of the minibands. The total relaxation time in QD NC is a little smaller than that of the bulk material near the lower edge of the miniband and much larger than the bulk case near the upper edge of the miniband for QD NC when (a, D) ¼ (7 nm, 10 nm) and (9 nm, 12 nm), respectively. Although the electron relaxation time near the lower edge is reduced by an order of magnitude, the average relaxation time is indeed enhanced because the increase of the relaxation time near the upper edge is two orders of magnitude. For (a, D) ¼ (7 nm, 13 nm), the electron relaxation time of all the energies within miniband is much larger than that in the bulk material. The increase of the electron relaxation time is a result from the restriction of energy and momentum conservation in electron-phonon scattering, i.e., phonon-bottleneck effect for quantum-confined electrons. 30 The relaxation times of electron-deformation acoustic phonon scattering and electron-piezoelectric acoustic phonon scattering are shown in Figs. 3(b) and 3(c) , respectively. The energy dependence of the relaxation time in QD NC is similar (different) to bulk case near the lower (upper) edge. The energy conservation in Eq. (15) can be easily satisfied for those electrons near the lower edge of the minibands with the acoustic phonon, which has an energy dispersion x k;q ¼ cq where c is the sound velocity and q is the phonon momentum. In contrast, large momentum scatterings for electrons near the upper edge of the minibands are restricted. Figure 3(d) shows the relaxation time of electron-longitudinal optical phonon scattering. There are two obvious steps at 16.7 meV away from the lower and upper edges for QD NC with (a, D) ¼ (7 nm, 10 nm) ¼ (9 nm, 12 nm) while it is absent for QD NC with (a, D) ¼ (7 nm, 13 nm). Optical phonon energy is approximately a constant which does not depend on momentum. If the bandwidth is larger than hx LO , electronlongitudinal scattering occurs. When the energy of electrons is less than hx LO away from the lower (upper) edge of miniband, only phonon absorption (phonon emission) can take place. When the energy of electron is more than hx LO away from both lower and upper edges, both phonon absorption and emission take place. Therefore, the relaxation time could jump at the boundaries of the above two regimes. If the bandwidth of minibands is smaller than hx LO , the electronlongitudinal phonon scattering mechanism is totally forbidden. Figure 3 shows that the effective relaxation time of electron-phonon scattering increases due to the quantum confinement of electrons in QDs. Figure 4 shows the transport distribution function [TDF, NðEÞin Eq. (12)] for different QD size a and interdot distance D. We chose s other;QD to be 50 ps, which is a reasonable value for the relaxation time of the electron-impurity scattering in semiconductors. 33 The TDF in QD NC is larger and sharper than the bulk material for all the QD NC cases we calculated especially when (a, D) ¼ (7 nm, 10 nm). The TDF shows the product of the sharp DOS as shown in Fig. 2 and increase of total relaxation time as shown in Fig. 3 . It is obvious from Eq. (10) that the electrical conductivity is proportional to the amplitude of TDF and the Seebeck coefficient is proportional to the energy difference between the peak of TDF and chemical potential. This feature shows that it is possible to increase electrical conductivity and Seebeck coefficient simultaneously and thus the power factor and ZT in QD NC when the sharp and large TDF is located 2 $ 3 k b T away from the chemical potential, which is the most desirable electronic structure for power factor enhancement. 1 
B. TE transport properties
In this section, we first compare our theoretical calculations with the experimental data of n-type bulk PbTe in literature to verify our model and obtain the fitting parameters of the bulk material that are needed as inputs for our model. Table II , which are in good agreement with values reported in handbooks. 61 After obtaining proper material input parameters, we calculated the TE transport properties in QD NC using the two-channel transport model, based on these input parameters. The temperature dependence of electrical conductivity, Seebeck coefficient, power factor, total thermal conductivity, electronic thermal conductivity, and ZT for QDs with different size a and interdot distance D are plotted when Fig. 5(c) . It should be emphasized that the simultaneous enhancement of electrical conductivity and Seebeck coefficient are due to the quantum-confined electrons since the electrical conductivity is always reduced for bulk-like electrons as shown in Ref. 20 . The enhancement of electrical conductivity is a result of the large overlap integral of small interdot spacing and the increase of relaxation time of electron-phonon scattering due to the phonon-bottleneck effect that has been discussed in detail in Sec. III A. For QD NC with (a, D) ¼ (9 nm, 12 nm), the electrical conductivity is reduced. The Seebeck coefficient is enhanced at low temperature while reduced at high temperature. In all above three cases, the transport channel of quantum-confined electrons dominates. In contrast, the contribution from quantumconfined electrons could be very small for QD NC with (a, D) ¼ (7 nm, 12 nm) as the overlap integral dramatically decreases with D-a. The electrical conductivity is thus reduced a lot and the Seebeck coefficient in only slightly enhanced due to the classical interface filtering effect. Figure  5 (d) shows the total thermal conductivity of all the above mentioned cases. The thermal conductivity reduction can be attributed to the phonon-interface scattering. Figure 5 (e) shows the corresponding electronic thermal conductivity. A smaller Lorentz number can be found as the reduced electronic thermal conductivity and enhanced electrical conductivity. Finally, the maximum ZT could be enhanced from 0.6 to 4 as shown in Fig. 5(f) . From Fig. 5 , we found that the amplitude of the enhancement of power factor and ZT decreases with the size of QD a when interdot spacing D-a is fixed and the amplitude of the enhancement of power factor and ZT decreases with the interdot distance D when the size of QD a is fixed. If D is fixed, the miniband would shift to lower energy that reduce Seebeck coefficient significantly as the size of QD a increases. Therefore, smaller QDs and closer interdot distance are preferred for high efficiency TE QD NC.
The doping concentration dependence of electrical conductivity, Seebeck coefficient, power factor, total thermal conductivity, electronic thermal conductivity, and ZT for three different temperatures (T ¼ 373; 423; and 473 K) in QD NC with (a, D) ¼ (7 nm, 10 nm) in comparison with the bulk values of PbTe are shown in Figs. 6(a)-6(f). Figure 6(a) shows the enhancement of electrical conductivity due to the phonon-bottleneck effect when the doping concentration is larger than 10 18 =cm 3 . Figure 6 (b) shows the enhancement of Seebeck coefficient for all the doping concentrations. Figure 6 (c) shows the significantly enhanced power factor whose maximum value could be over 120 lW=cmK 2 when n d ¼ 10 19 =cm 3 . Figure 6 (d) shows the total thermal conductivity and Fig. 6(e) shows the electronic thermal conductivity. Due to the reduction of thermal conductivity, the overall ZT could be as large as ZT ¼ 4.3 when doping concentration n d ¼ 0:55 Â 10 19 =cm 3 as shown in Fig. 6 (f). Figure 7 (a) shows the temperature dependence of power factor for different interdot distance D when the QD size a is fixed to 7 nm. The power factor could be enhanced when D is smaller than 10.5 nm, and reduced when D is large until it converges to the bulk value. This dependence is due to the decrease of the overlap integral. Increasing D lowers the contribution from quantum-confined electrons, which means the transport of bulk-like electrons becomes dominant. Moreover, due to the decrease of volumetric fraction ($ a 3 =D 3 ), the effect of electron-interface scattering would become weaker when D further increases which renders a final limit to its bulk value. In order to see the cross-over between the TE transport of quantum-confined electrons and bulk-like electrons, the power factor is plotted as a function of the interdot spacing D À a for different temperatures when a ¼ 7 nm together with the bulk values in Fig. 7(b) . It is clear that power factor is enhanced when D À a ð Þ< 3:5 nm as the transport of quantum-confined electrons dominates, and it is reduced when D À a ð Þ> 3:5 nm as the interface-filtering effect of bulk-like electrons dominates, and it finally converges to its bulk case. In addition to the size and interdot distance, the height of confinement potential V 0 and the geometric factor b could also affect the transport of quantum-confined electrons. enhanced for V 0 ¼ 0:05 eV as the enhancement of Seebeck coefficient overtakes the reduction of electrical conductivity as shown in Fig. 7 (c). The power factor for different b when V 0 is fixed to 0.3 eV is also shown in Fig. 7(c) . It is clear that the contribution from quantum-confined electrons is absent and the filtering effect of bulk-like electrons dominates when b ¼ 1.5 as the power factor is significantly reduced. The reason is that the oscillator frequencies x ? and x jj are proportional to b for fixed V 0 and V 1 as shown in Eq. (4). The energy level could exceed the confinement potential for large oscillator frequencies, which means no miniband is formed.
Here we note the above results are idealized calculations on TE transport in QD NC with an objective to explore the potential of simultaneous enhancement of electron conductivity and Seebeck coefficient in quantum confined TE materials. The miniband formation in QD NC can be destroyed by a few factors in practice, such as non-uniform size of QDs, the roughness of QDs and the dislocation of QD lattice. Recently Zebarjadi et al. 63 published a paper that studies the influence of size variance on the TE transport properties in GaAs based QD NC using the coherent potential approach. When the quantum coherence is totally destroyed, the TE transport could be determined by the classical size effects when there is no miniband is formed. More efforts are needed to model the TE transport when the quantum coherence is partially destroyed. 
IV. CONCLUSION
We studied both the quantum and semiclassical size effects on the thermoelectric transport properties of PbSe/ PbTe quantum dot nanocomposites. A two-channel transport model is developed. The TE transport of quantum-confined electrons is studied by tight-binding model with the help of Kubo formula and Green's function method while the TE transport of bulk-like electrons is studied using a BTE-based semiclassical model. Carrier-interface scattering of bulk-like electrons and the quantum confinement effect on carrierphonon scattering of quantum-confined electrons are considered. Simultaneous enhancement of electrical conductivity and the Seebeck coefficient are observed due to the increase of relaxation time of electron-phonon scattering and the size tunable sharp DOS. Significant improvement of ZT from our calculation could shed some light on the design of highefficiency TE materials for energy conversion and thermal management. 
E DE is the deformation potential coupling constant, h PZ is the piezoelectric constant, q is the mass density, c is the sound velocity, e s is the static permittivity, e 1 is the highfrequency permittivity, n imp represent the impurity density, and Z ¼ 2 is the ionicity of an impurity atom. The parameters of PbSe used in this paper are listed in Table I and the parameters of PbTe used are listed in Table II . 
